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average water depth at D of Figure 7.
average water depth
base of natural logarithms = EXP
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velocity
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height of surface disturbance at dimensionless radial coordinate,
r = 0.25.
Z
r=.75
Z
m
cx
Ua
P
height of surface disturbance at dimensionless radial coordinate,
r = 0.50.
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dynamic viscosity of air
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ANALYSIS OF PROGRESS
The entrainment of liquid by high velocity saturated gas streams
has been investigated for selected geometries to determine the feasibility
of using this method to remove liquid entrapped in undesirable locations
in rocket systems.
The rate of removal of an entrapped liquid by a high velocity satu-
rated gas stream depends upon many factors, among which are: geometry of
the system, densities and viscosities of the liquid and gas, surface ten-
sion of the liquid, gas mass flow rate, gas impingement angle, and the
fraction of the volume of the system cross section occupied by the liquid.
The results presented in this report were obtained for modified
U-type configurations with water as the entrapped liquid and air as the
impinging gas. >The configurations studied this past year, as well as
those to be studied in the future, were selected to correspond with config-
urations which might be found in rocketsystems.
The surface disturbances caused by the rise of both single bubbles
and swarms of bubbles have been studied to determine their height and
shape.
The research concerning the disturbance on the liquid surface caused
by single rising bubbles has been essentially completed with the correla-
tion of data obtained with two liquids of widely different physical prop-
erties. The terminal rise velocities of single gas bubbles in two differ-
ent liquids have been correlated with a single straight line using surface
tension as a parameter.
The investigations of the surface effect caused by rising swarms
- I -
of gas bubbles are proceeding well. A single system of equations based on
the single bubble theory has been formulated to represent all the surface
profile data for a wide range of inlet gas flow rates.
/
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This is the SecondAnnual Progress Report for NAS8-I1334,
RESEARCHSTUDYFORDETERMINATIONFLIQUID SURFACEPROFILEIN A CRYOGEN-
IC TANKDURINGGASINJECTION. The period covered is June 18, 1965 to
June 17, 1966. This report constitutes a compilation of the salient
features of all previous monthly and quarterly progress reports for the
period covered. The reader may wish to refer to previous quarterly re-
ports for certain details, such as Quarterly Progress Report #5 for ab-
stracts of many of the articles given in Appendix VIII.
PROGRESS
This section of the report is arranged into the two main phases
of this research: entrainment , which describes the work directed toward
the removal of objectionable liquid from various vent line configurations,
and surface profile, which is the study of the disturbances on a liquid
surface caused by rising gas bubbles. The more tedious details of the
research_are presented in appendix form. It is hoped that the reader may
gain an understanding of the main features of the research through the use
of the text, and that he will refer to the appendices for such details as
he requires.
Entrainment
major factors:
(a)
(b)
Geometrical configurations of test sections
that would likely be found in rocket systems,
Ability to observe, both visually and photo-
graphically, the entrainment phenomenon,
-3-
Experimental System
The experimental system was designed considering the following
(e) Elimination of mass transfer phenomenaother
than physical entrainment,
(d) Simplicity of design and accuracy of measure-
ment•
(e) Availability and cost of test fluids.
A schematic diagram of the overall experimental system is given in
Figure i. Basically, the system consists of the following major sections:
(i) Supply and flow measurement
(2) Humidifier
(3) Test Configuration, and
(4) Entrainment measurement.
The supply and flow measurementsection consisted of a 315 cfm,
i00 psia compressor, a booster 150 psia compressor, a 2000 cubic foot
storagm vessel, and associated valving and piping for delivery of the air
to the humidifier section at selected throughput rates. A Cox Instrument
Companyflow system consisting of two turbine flow meters was used for
air flow rate determinations.
Since this study was directed toward physical entrainment of liquid
by gas streams, conditions promoting evaporation of the liquid into the
gas were minimized so that liquid mass transfer to the gas due to evapora-
tion could be neglected. To accomplish this in the experimental system,
the air was saturated with water vapor prior to its entrance into the
entrainment test section. Relative humidities of above 90%were assumed
sufficient to neglect liquid masstransfer due to evaporation. The satu-
ration of the air was accomplished by passing the air from the measure-
ment section through a humidifier.
Figures 2 through 4 show three basic configurations which were
studied during the course of this year's effort. All test sections were
constructed from "pyrex" glass pipe and fittings to enable clear visual
-4-
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___ water
Figure 2. Test Section i, Entrainment Studies.
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Figure 3. Test Section 2, Entrainment Studies.
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and photographic observation of the entrainment phenomenon. Pressure and
dry and wet bulb temperatures were measured at appropriate locations on
each test section. Appendix V contains a detailed description of the
apparatus and the experimental procedures followed.
Analytical
Any study of the removal of entrapped liquid by high velocity gas
streams must consider the reaction of a confined column of liquid to vari-
ous gas impact pressures. In particular it is of interest to be able to
predict the maximum rise of a liquid column for a given quantity of liquid
and impact pressure. The problem may be stated in the following mannen
A column of liquid is contained in a U-tube configuration. The
liquid is initially at rest, and then is suddenly set in motion by im-
posing an instantaneous pressure differential. What is the maximum rise
of the liquid and subsequent liquid levels as a function of time for a given
quantity of liquid and applied pressure differential? See Figure 5.
In the following analysis it is not necessary for the lower part
of the U-tube shown in Figure 5 to be a 180 ° bend; a straight horizontal
length of pipe could be placed between the two vertical pipes as long as
there was no direct passage above the liquid for the impacting gas.(This
particular problem will be discussed later in the report.)
Bird, Stewart, and Lightfoot (i) present a derivation of and gener-
al solutions to the governing differential equation for the motion of a
liquid in a manometer subjected to a sudden pressure differential, an
analagous problem to the one under investigation. Their work will now be
briefly summarized.
The confined liquid is considered to be incompressible, the system
is considered isothermal, and the weight of the gas above the liquid: is
- 9 -
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Figure 5. Oscillation of a Liquid in a U-tube.
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neglected. A macroscopic mechanical energy balance is applied to the
system (the manometer liquid) with a parabolic velocity of the form
v(r',t) =2 <v> - , (1)
where
v(r',t) = velocity
dh
<v> = average velocity (a function of time) = d--_t
r' = radial coordinate
R = tube radius
assumed for the determination of the k/netic energy and the energy loss
dueto friction. The resulting differential equation is
-_2" + -_ + h --- -_
Pa-Pbl C2)
dh
with the initial conditions that at t = 0, h = 0, and77 = 0, In equation
(2), h is the liquid level displacement, t is time, _ is the dynamic vis-
cosity of the liquid. P is the liquid density, R is the tube radius, g is
the acceleration of gravity, L is the total length of the liquid column
measured along the center llne and Pa-Pb is the applied pressure differ-
Pa-Pb
ential. By defining k = 2h --- , equation (2) may be made homogeneous.
Pg
The resulting equation in terms of k is
d- t+ 77+ k = 0. (3)
- ii -
The general solution toequation (3) is
k = Cle mlt + C2em2t (4a)
where
ml
= _ + Rp - (4b)
and
m2 2 (4c)
For simplicity, we define
(_0) 2•-_ and B = _ 6gL
A
, and write
1
ml = _ (-A + B_rB-) and (4d)
1
m2 = _ (-A- B_-) . (4e)
If B -- 0, that is, if = 6--K
L
then
m I = m 2 = m, (5)
- 12-
Hand the solution to equation (3) is
k-- C3_t + C4tmr. (6)
This completes the summary of the work of Bird, Stewart, and Lightfoot.
Rewriting equations (4_ and (6) in terms of h, the liquid level
displacement, we have for m I # m 2
h = clemlt + _ + Pa-Pb
2 2 2pg
(7)
and for m I = m 2 = m,
mt C4temt Pa-Pbh = C_e + +
2 2 2pg
(8)
The initial conditions for equations (7) and (8) are, for
t = 0,
dh
h =-- = 0.
dt
Applying the initial conditions to equation (8), we obtain
h m
Pa-Pb
2pg
- e i + (9)
where
A = 6R-_-_• (io)
- 13-
For this case, B = 0 and the _ystem is said to be critically damped, mean-
ing that the liquid moves to its final position in the most rapid monotone
manner.
Before applying the initial conditions to equation (7), a discus-
sion of ml and m 2 is in order. If B < O, meaning that
2
L
the system is said to be "underdamped" and oscillates with decreasing
amplitude about its final position. If B > 0, meaning that
2
the system is said to be "overdamped" and moves slowly to its final posi-
tion. Thus, for B < 0, equation (7) becomes, after applying the initial
conditions,
h 2 _ + A--6--- sin
= 20g - e cos 2
. (11)
and for B > 0
h 2 _ + A sinh .
= 20g - e cosh 2
(12)
Equation (ii) gives the liquid displacement as a function of time for the
"underdamped" system, and equation (12) gives the displacement for the
"overdamped" system.
- 14 -
>In the event B 0, the maximum rise of the liquid will be the
final liquid position, or
Pa-Pb
h
max 2pg
which simply converts a given pressure differential to a column length
of the liquid. This assumes that the length of the right hand column of
liquid (see Figure 5) is greater than h . If this liquid column is less
max
than h then the gas above the liquid column will start to flow through
max '
the liquid, and the phenomenon will change to one of entrainment and bubble
llft-pump type of action in the left hand vertical column.
If B < 0, then oscillatory motion will occur, and there will be a
maximum rise of the liquid greater than the final liquid position. To
determine an equation for the maximum rise hmax, equation (ii) is differ-
entiated with respect to time, the resulting expression set equal to zero,
and the value or values of t required to satisfy this expression determined.
Performing these operations, we find that
A2
+ sin __t = O. (13)
2
Equation (13) will he satisfied if either
q%
v,
{1 A .'%
k_cf2
- 15 -
or
sin _ t
2
= 0,
or if both of the quantities are zero.
Working with the first expression,
(14b)
+ A2
2 2_F[
0 (15)
or
A2 -- -IBI. (16)
Recalling that
and
• 2
we see that
A 2 # -IB] •
Therefore,
sin 0 , (14b)
- 16-
or
"I_I t = n_, n = 0, 1,2,3,. . . (14c)
2
and
2n_
t = , n -- 0,1,2,3, . . . (17)
As expected, since the fluid oscillates about its final position,
dh
equation (17) gives an infinite number of values of t for which d-_ = 0.
However, since our interest is in the maximum height, the value of t for
2_
which this will occur will be for n -- i. Thus, t = and the
equation for h for B < 0 is
m_
- A_
= + e °
hmax 20g
(18)
From equation (18), we see that h varies linearly with the
max
applied pressure differential Pa-Pb . To determine the variation of h
max
with respect to the length of the liquid column L, we must investigate the
term
which may be written
EXP
EXP [j 1gR4 - i
6_2L
(19a)
(19b)
- 17 -
where
-- . (2o)
To demonstrate the effect of varying L on h , we will consider a test
max
system of water enclosed in a 2-inch diameter U-tube configuration and
observe the variation in magnitude of the exponential term in equation (18)
as L is varied. Using O.= 62.4 ibm/ft , _ = 6.72 x 10 ibm/ft sec, and
R = 0 .0835 ft, we obtain
2.23 x 106
L 1
From the above expression, we see that for L's of reasonable values_ the
1 under the radical may be neglected in comparison to the first term. Thus,
our exponential term becomes
EXP 1.494 x 103 (19d)
or
EXP 10.0021L_--]
For L = I, i0, and i00 feet, we find
(19e)
- 18-
_0,002_L = I ft, e m 0.9979 (21a)
_0"0066
L = i0 ft, e = 0.9934 (21b)
_00210
L = I00 ft, e = 0.9790 (21c)
Considering equations (21a), (21b), and (21c) we find that an increase in
L from I to I00 feet should have a negligible effect upon hmax, given by
equation (18).
One additional comment needs to be made about the length effect.
R 4
As _ approaches the order of magnitude of L, then variations in L will
have considerably more effect upon ha x. However, it must be remembered
that if I_2__ }_I_ becomes greater than 6_ the solution for h is given
L
by equation (12) and the previous discussion is not valid.
Discussion of Results
The maximum height to which a liquid column will rise upon an instan-
taneous change in pressure across the column is given by equation (18). This
analytical result was experimentally checked for a water column two inches
in diameter and of various lengths for several impact pressures.
The maximum usable impact pressure was limited to that pressure
which caused air bubbles to first become entrapped in the horizontal pipe of
the test section. The bubbles were entrapped due to wave action when the
applied pressure was great enough to cause the air-water interface to be
forced into the horizontal pipe on the first oscillation.
Figure 6 shows a comparison of the experimental results with those
given by equation (18); excellent agreement is noted. The conclusion that
the column length has negligible effect upon the maximum rise is substanti-
- 19 -
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Figure 6. Comparison of Experimental and Analytical Maximum Height of Fluid
Rise for the Test Section of Figure 2.
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ated at least for an increase in length of from 8.47 ft. to 10.52 ft.
The experimental data together with the calculated values from equation
(18) are given in the appendix.
The problem of entrainment of a liquid by a gas stream is very
complicated from an analytical or theoretical standpoint. This is due
to the fact that two fluids are involved, the motion of one being
generated entirely by the interaction of the other; the fact that com-
pletely different flow phenomenaare occurring simultaneously in the vari-
ous parts of the test section; and the fact that the entire process is
time dependent. For these reasons the primary effort during this past
year was experimental: entrainment rates were determined for the geomet-
rical configurations shownin Figures 2, 3, and 4 for various gas delivery
pressures, and comprehensive qualitative descriptions of the flow were
madebased upon visual and photographic observations of the actual entrain-
ment process. The visual and photographic study greatly aided in under-
standing and explaining the entrainment rates determined experimentally.
In the sense used in this research, the word entrainment meansliquid removal
by the gas stream, either carried by the gas as a mist or liquid droplets
+
and/or removed by a flowing film in the outlet vertical pipe. This defini-
tion of entrainment is slightly different from that generally referred to
in the literature but seems to be appropriate for this work because all
liquid removal is generated entirely by the gas stream.
The number of variables (dynamic, kinematic, and geometrical) re-
quired to describe this problem made the selection of experimental test
variables very difficult. Since time is a variable, the quantities normal-
ly held constant during an experimental run in work related to fluid flow,
(such as velocity, mass or volume flow rate, etc.) would be very difficult
to hold constant in this research. Thus, it was decided to maintain the
- 21 -
upstream-gas static pressure constant for a given horizontal pipe length
and diameter, test liquid, percentage of horizontal pipe initially filled
with the test liquid, inlet-air angle, and length of vertical outlet pipe.
The results are therefore presented for a fixed geometrical configuration
with the upstream static-pressure and percentage of horizontal pipe initially
filled with the liquid as parameters. The effect of applying the pressure
as an impulse instead of a gradual increase from zero to the desired pressure
level was also studied, and the results are presented together with those
for a gradual increase in pressure for comparison purposes. Because of
the large number of variables which are apparently pertinent, the initial
experimental results to be discussed should not be considered as applicable
to a general system nor to a system of the same geometrical configuration
but with different fluids.
Flow Characteristics . Some interesting flow phenomena occur in the
horizontal 4-1nch section shown in Figure 3. A typical sketch of the flow
in this section is shown in Figure 7 where, for the purpose of discussion, the
horizontal section is divided into three distinct zones, in each of which
different flow patterns are evident. Zone i extends for the first few
inches of the horizontal test section and generally contains no water. (For
low air flow rates, water remains in this zone). The geometry of the air
inlet is such that a jet of air strikes the water surface at a right angle
and consequently, if the kinetic energy of the jet is sufficient, removes all
water from zone 1 at the initial impact. This is shown in the photograph of
Figure 8 for an air pressure of 3.6 inches of mercury. The length of this
zone is directly dependent on the kinetic energy of the incoming air.
The impact of the air on the water results in the entraining of
many droplets into the air stream. As shown schematically in Figure 7 and
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in the photograph of Figure 8, the direction of the water droplets is such
as to cause the droplets to impinge on the top of the horizontal section.
Consequently, few if any of the droplets entrained in zone 2 traverse the
length of the horizontal section without either impinging on the wall of
the p_pe or on the liquid surface of zone 3. Since the incoming air is
continually entraining more water than is removed from the horizontal
section, there is some backflow into zone 2 as indicated by the arrow at
A in Figure 7. Immediately adjacent to this backflow and still in zone 2
is a relatively waveless and motionless area, designated by B, where the
waves of zone 2 begin to form. These waves traverse the length of zone 3
with increasing velocity and amplitude and impinge on the end of the horizon-
tal section at D. A photograph of the waves of zone 3 appears in Figure 9.
The individual water particle in zone 3 moves in a circular or an ellipsoidal
path as the wave passes by. This is a combination of transverse and longitud-
inal wave motion.
The impingement of the waves at D in Figure 7 and in the photograph
of Figure I0 deposits a thin film of water on the surface of the elbow and
is the major means by which water is transported from the test section into
the vertical pipe. The height to which this film will move into the vertical
section F of Figure 7 is directly dependent on the velocity of the air,
since the film is carried upward by the viscous drag exerted by the air
stream. As waer is carried out of the vertical pipe, the film is replenished
by the impingement of each succes_ve wave on the elbow at D.
Those droplets which have enough energy imparted to them by the
air stream remain entrained and are subsequently removed from the test
system. The droplets which impinge on the vertical wall or which do not
have enough kinetic energy imparted to them by the air stream collect and
- 25 -
F i g u r e  9 .  Pho tograph  of  Zone 3 Showing ‘:Caves i n  H o r i z o n t a l  
P i p e  and t h e  G s ~ L l l a t i n g  T u r b u l e n t  Filz in the  
Vzrticl .1 P i p  =
a, 
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fall back down the tubing wall and continuously feed the oscillating,
turbulet film on the vertical pipe wall.
Mass flow rate
< 5.33 ibm/min
Water film
Figure ii.
(a) (b)
M ass flow rate
>5.33 ibm/min
water film
Typical Flow Phenomena in Vertical Two-lnch Pipe.
In (b) of Figure ii ,an_ i_ the photograph of Figure 12, the air velocity
:is great enough to impart sufficient kinetic energy by viscous drag to _he annular
film to_ransport the film cDntinually up the_,vertical pipe until theliq_d
Ieaches the exit and is thus removed from the -system. S_nce_ the,liq_d @_@o time
_flows do3_n t_ wall of the pipe, as in (a) of Figure ii, a negligible _mount of
mist is present.
The typical characteristics of the flow observed in the geometrical
configuration shown in Figure 4 for various air flow rates are depicted
schematically in Figure 13. The basic differences between this test section
and the one shown in Figure 12 are that the horizontal portion of the test
- 28 -
Fg-m-e 12. Ph~togrqh S o w i n g  the Film in the Vertical Pipe 
Corresponding to the Type Sketched in Figure (llb). 
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section now contains a sudden enlargement of from _w-o to four _nehes and a
sudden contraction of from four to two inches.
For clarity in discussion the horizontal section is divided into
three zones, in each of which different flow phenomena exist. Zone i
extends the length of the inlet two-inch diameter pipe, and for the minimum
air flow rate required to initiate and sustain liquid removal, contains no
water; zone 2 extends the length of the four-inch diameter horizontal pipe;
and zone 2 encompasses the outlet two-inch horizontal pipe.
As air flow begins, at a rate sufficient to initiate removal (see
Figures 13a and 13b) all the water is forced from zone i, waves begin to
form at the upstream edge of zone 2 with some water droplets thrown up
into the air stream at point G, and the water in zone 3 is pushed against
and up onto the downstream side of the vertical pipe forming a film at
point I which begins to travel up the vertical pipe. As water is removed
from zone 3, (see Figure 13c) the liquid level in zone 2 falls and the
waves formed at the upstream edge of zone 2 impinge at the sudden contrac-
tion (point H), splash into zone 3 and feed the liquid film on the surfaces
of the vertical pipe. For moderate air flow rates the amount of water and
the flow characteristics in zone 2 do not vary with time. As the air flow
rate is increased (upstream pressures of 6.4 inches H _ _the flow in
zone 2 becomes as shown in Figure 13d. Here the liquid in the four-inch
diameter pipe is located at the extremities of the pipe with circulatory
motion in the sense shown in Figure 13e, and the major portion of the pipe
is void of liquid except for the water droplets produced at point G.
The "backflows" generated in the region of points G and H are to be expected
whenever sudden enlargements and contractions form a part of the flow
system. Upon increasing the flow rate to 10.8 pounds of mass per minute,
sufficient energy is given to the circulatory flow at the upstream end of
- 31 -
the four-inch pipe to cause the water flowing up at point G to be thrown
into the air stream, forming water droplets which are subsequently removed
from the test section. All the water in this backflow region was removed
fn thih manner-with an air flow rate of 17.78 pounds of mass per minute.
The backflow region at point H remained intact at a maximum flow rate of
25.58 pounds of mass per minute.
Entrainment Rates. The rate of entrainment of water into an air
stream was experimentally determined for the geometrical configurations
shown in Figures 2, 3, and 4 for various air pressures (average air flow
rates). In this study the entrainment E is defined as the fraction of
the total amount of water initially present in the test section which is
removed by the air stream within a given time.
Figures 14 and 15 are plots of entrainment E versus time t for en-
trapped water quantities of 1/4 and 1/2 of the total volume of the hori-
zontal pipe of the test section shown in Figure 3; the upstream air pres-
sure is shown as a parameter. The solid curves represent liquid removal
for a gradual increase in pressure from zero to the pressure shown as a
parameter onthe individual curves. The hashed curves represent entrain-
ment for impacting the water instantaneously with the same pressure as
for the curvewhich represents the entrainment for the gradual increase
in pressure.
The lower curves in each figure are for the minimum air flow rate
required to initiate and sustain removal of liquid from the test sections.
For the 1/4 filled test section, a static pressure of 3.2 inches of mercury
was required to initiate withdrawal; whereas, for the half filled test
section, a substantially lower static pressure of 1.4 inches of mercruy
was required. This difference in pressure can be explained in light of
- 32 -
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what has previously been said about the effect of changing tb_ _v_rage
depth d of the water at D (see Figure 7). For a _iven air velocity, the
maximum height reached by the waves as they impinge at D will be consid-
erably higher for the half-filled test section than for the quarter-filled
test section. The slopes of the curves, and thus the rates of entrain-
ment, are a function of time, however they approach zero as time increases.
The particular time where the entrainment rate is essentially zero depends
upon the average air flow rate. As can be seen in Figures 14 and 15, ex-
cept for the minimum air flow rate to initiate liquid removal, at least
ninety per cent of the water was removed from the system in the first five
minutes of the run. Thus, little is accomplished toward purging the water
from the system after the first five minutes. Impacting the water, the
curves representedby the hash marks, removes more water initially for the
lower pressures than does the gradual increase in pressure; however, the
total fractions removed are equal as is evidenced by the merging of the
curves. At the higher pressures, >5_inches Hg., more water is removed by
impacting than by the gradual increase in pressure. At these pressures
slugs of liquid are formed in the horizontal pipe and are given suffici-
ent energy at impact to be carried up the entire length of the vertical
pipe. This slugging of the liquid also occurs at the lower pressures,
but the liquid slugs do not have sufficient energy to travel the entire
length of the vertical pipe, and thus fall back into the horizontal section.
Figures 16 and 17 show the effect of decreasing the length of
the horizontal pipe (see Figure 3) from five feet to two feet. The
curves are for a five foot length and the data points are for a two foot
length. Generally, tests on the two foot section showed a decrease in E
for a given time. Reducing the length much under two feet would cause the
entrance effects, i.e., zones I and 2 shown in Figure 7 and described
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earlier, to have a considerable influence on the specific manner in which
the liquid is removed from the test section. A sizable number of the
water droplets produced in zone 2 would be entrained by the air stream
and traverse the entire length of the horizontal pipe and contribute sub-
stantially to the total amount of liquid removed from the test section.
If the length of the horizontal pipe is such that the entrance effects,
primarily the zone of water spray and droplet formation, do not contri-
bute to the removal rate, then one might safely Say that for a given
water depth _ and air velocity, an increase in the length of the horizontal
section would result in a larger percentage of water removed; whereas,
for the same water depth d and air velocity, a decrease in length would
result in a smaller percentage of water removed in the same interval.
For the case where the water volume was 3/4 that of the total volume
of the horizontal pipe in Figure 3, meaningful data W_E obtained only for
the impact application of the air. If the air flow is gradually increased
from zero to some desired rate, i.e., if the air pressure is gradually in-
creased, slugging of the liquid occurs which causes rather large fluctua-
tions in the pressure. Figure 18 shows the results of the impact tests
for the 3/4 filled test section.
Figures 19 and 20 are plots of entrainment E versus time t for
entrapped water quantities of 1/4 and 1/2 of the total volume of the
horizontal section of the test section shown in Figure 4_; the upstream
air pressure is shown as a parameter. On comparing Figur_19 and 20 with
Figures 14 andl5 several important similarities and differences are noted.
The similarities are confined primarily to the general shapes of the curves
and their behavior as time increases. One rather surprising result is
that themlnimum pressure (air flow rate) required to initiate liquid
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removal for either the 1/4 or 1/2 filled case was identical in both geometries.
However, at these minimum pressures, the entrainment E for the sudden enlarge-
ment-sudden contraction test section (Figure 4) was at least twice that for
the straight horizontal test section (Figure 3) for any time t; at all other
pressures it was substantially greater. As can be seen in Figures 21 and 22
reduction in the length of the four-inch horizontal pipe from five feet to
two feet resulted in smaller fractions of water removed for all times. The
effect of varying the length of zone 1 (see Figure 13) was studied, and the
results are shown in Figures 23 and 24. The curves are for a length of 9
inches and the accompanying data points are for a length of 21 inches at the
same static pressure (average air flow rate). In each case the effect of in-
creasing the length of zone 1 was to reduce the entrainment E for a given time.
This may be attributed to the increased straightening effect on the air flow
as the length is increased.
Figures 25 and 26 show plots of the data for the test sections of
Figures 3 and 4 for a gradual increase in pressure where entrainment E is
plotted versus an air Reynolds number with time as a parameter. In these
plots the Reynolds number is defined as H_/_a where H is the distance from
the initial water surface to the pipe surface measured along the vertical
diameter, _ is the average air mass flow rate for a given upstream static
pressure, Avis the initial void cross_sectional area, and _a is the air
dynamic viscosity. These curves will be used as a starting point in attempts
to obtain a cross-correlation between the two geometrical configurations
tested. They clearly show the maximum fraction of entrapped water which may
be removed for a given Reynolds number and time. The maximum value of time
for which active water removal will occur is also shown; for times beyond
this value, at a constant Reynolds number, no water is removed. As the
- 42 -
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Reynolds number increases, all of the time curves merge into the five
minute curve; Figure 26 shows, for Reynolds numbers greater than approxi-
maimly 3,00_000, very little distinction between curves for both the 1/4 and
1/2 filled cases.
Concluding Remarks. The purpose of the entrainment phase of this
research is to determine the feasibility of using high velocity gas streams
to purge liquid entrapped in undesirable locations in rocket systems_ It
was anticipated at the outset that the geometrical configuration within
which the liquid could be confined would have a pronounced effect upon en-
trainment of this liquid by a gas stream. In some instances there could
exist a gas-liquid interface in the direction of gas flow; in other instances
there could be no direct passage for the gas, the two cases resulting in
completely different types of "entrainment" problems. The initial test
configurations were selected with simplicity in mind, without loss in
general applicability, and to allow initial thorough investigations of both
of the cases described previously.
With respect to the feasibility of the method, the initial results
are encouraging. At least for the specific cases studied, reasonable air
flow rates resulted in complete liquid removal, or at least in some instances
greater than 98% removal. The time required to effect removal from the
test geometries studied appears to be quite reasonable. Sudden contractions
hinder total liquid removal and should be avoided; however, routing some of
the gas through the backflow region caused by the contraction would permit
total removal. The manner in which the gas stream is caused to flow into
the section, i.e., whether by a gradual increase in pressure or as a sudden
impact, has very little effect upon the total fraction of liquid removed for
- 49 -
a given air flow rate; however, the rate of entrainment is slightly in-
creased for small values of time. Entrainment rates could be further in-
creased by applying the pressure in a series of sudden impacts such that
each impact is applied during positive displacement of the liquid (the
direction for liquid removal). Sweepelbows in both test section 2 and
test section 3 (Figures 3 and 4) resulted in increased entrainment over
the 90° elbows and the eccentric-reducer elbows for a given time and should
be used whenever possible.
The flow characteristics in the geometries tested were carefully
observed and photographed, and the entrainment phenomenonfor various air
flow rates and liquid quantities was explained in terms of these flow
characteristics. The visual study of the flow was quite useful in explain-
ing and interpreting the measuredentrainment.
Experimental
Bubble Swarms.
Surface Profile
The surface disturbance caused by a rising swarm
of bubbles of nitrogen gas in distilled water has been photographically
recorded for 13 inlet gas flow rates, utilizing two different needle
sizes. Figure 27 shows the experimental equipment used in this work.
The inlet configurations selected to initiate the swarm of bubbles may
be seen in the photograph in Figure 28. The two inlet devices consisted
respectively of nine 26 gauge hypodermic needles and nine 18 gauge hypo-
dermic needles, arranged in a square pattern. In order to observe an
effect that a change in needle size might have on the surface disturbance
caused by a given inlet gas flow rate, the surface profile data recorded
utilizing the different needle sizes was overlapped with respect to the
inlet gas flow rate. The effect of needle size on the surface profile
- 50 -
Figure 27: Photograph of Experimental Apparatus Used in the 
Determination o f  the Liquid Surface Profile. 
- 51 - 
Figure 39. General View of a Typical Swarm of Nitrogen 
Bubbles Rising in Distilled Water .  Inlet Con- 
figuration Shown Consists of Nine 26 gauge 
Hymdermic N ~ e d l e s  in a Square Pattern. 
- 52 - 
data is discussed in Appendix II.
Figure 29 shows three sets of photographic prints taken from the
motion picture film. These prints show the disturbance of a liquid surface
at three different times selected at random from the film. The prints
within each of the three sets are separated by five milliseconds. One
can observe the relative constant shape, height, and position of the sur-
face disturbance.
The pictures given in Figure 29 were obtained with a relatively low
overall inlet gas flow rate. At higher flow rates the surface disturbance
does not remain constant but begins to move about. Figure 29 shows that
the bubbles formedare relatively uniform in size. However, it was ob-
served at higher flow rates that large rapidly rising bubbles are occasion-
ally formed.
The data on height and shape of the disturbances were obtained in
the same manner that was used in the single bubble research, and reported
in the first Annual Report. These disturbances are shown in Figures 30
through 42. Also, the complete set of data is given in tabular form, and
graphically, in Appendix II,
A representative set of these data is given in Table i for an inlet
flow rate of 2.01 standard cubic feet per hour of nitrogen gas. The con-
fidence interval given in Table i is plus or minus about 5% of the report-
ed height of the disturbance. This is consistent with the visual observa-
tion of the data films. The surface disturbance does rise and fall to _out
plus or minus 35% but the average value remains very nearly constant.
Single Bubbles. The work on single bubbles has been extended to
the study of surface disturbances caused by bubbles of nitrogen gas rising
- 53 -
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Figure 29. Surface oistur-ha 
Nitrogen G a s  Ri: 
F r a m e s  of High 
T h r e e  Sets of Ph 
During the Run. 
are Separated in 
Inlet G a s  Flow R 
Hour. 
--. 
ce Caused bv a Swarm of Bubbles of 
ng in Distilled Water. Taken from 
x e d ,  16 mm, Motion Picture Film. 
tographs Taken at Random Times 
rhe Two Pictures within Each Set 
’ime by Five Milliseconds. Overall 
te of 2.01  Standard Cubic Feet per 
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Table l. E_perimental Surface Pro_f_eData for a Swarm of_itr_Bubbles
Rising in Distilled Water at an Overall Gas Flow Rate of 2.01 SZand-
ard Cubic Feet/Hr. Through a Square Configuration of Nine 26 Gauge
Hypodermic Needles.
A B C D
, ,J,036 v .036
*Average Value
E F G
.036'£036'.036'I.036'
H I
J* '1.036' .036
Position
(See Diagram Above)
A
B
C
D
E
F
G
H
I
Height of Surface Disturbance
above Quiescent Liquid Surface, ft.
(Average of 53 Data Points)
0.0000 _ 0.0000
0.0111 ± 0.0011
0.0197 _ 0.0013
0.0236 ± 0.0013
0.0246 ± 0.0012
0.0227 ± 0.0010
0.0182 ± 0.0009
0.0107 ± 0.0011
0.0000 ± 0.0000
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in isopentane. The study of the isopentane-nitrogen system was undertaken
because the system more nearly simulates the properties of liquid oxygen
and helium. The similarities of the properties of the isopentane-nitrogen
system to the oxygen-helium system are shown in Table 2, along with the
properties of the water-nitrogen system.
A correlation technique has been developed that expresses the ex-
perimentally determined degree of bubble penetration versus Reynolds number
for the water-nitrogen and isopentane-nitrogen system, as a straight line
function. This correlation is based on a dimensionless parameter M that is
defined by the properties of the liquid. A discussion of the parameter M
and a plot of the correlation line for the degree of bubble penetration
versus Reynolds number is presented in Appendix IV. A graphical comparison
of the experimental surface profile data with the profiles calculated on the
basis of the correlation parameter M is also presented in Appendix I for the
water-nitrogen and isopentane-nitrogen system.
The parameter M has also been utilized to obtain a correlation of
terminal rise velDci£_versus bubble diameter for the water-nitrogen and
isopentane-nitrogen system. A discussion of this correlation is presented
in Appendix III. Here again, as in the case of the bubble penetration versus
Reynolds number data, the parameter M establishes a good correlation between
the data from two diverse liquid-gas systems. Based on the results present-
ed in Appendix III and Appendix IV, it is believed that the parameter M may
be used to predict surface profile and rise velocity phenomena for other
liquid-gas systems.
Correlation of Bubble Swarm Data
A correlation equation for the surface profile data obtained through
- 56 -.
Oxygen
Boiling Point
Liquid Density
Surface Tension
Viscosity of Liquid
Table 2. Liquid Properties
(760 _mm)
(-183.0°C)
(+183.o°c)
-182.96_C
1.14 g/cc
13.2 dynes/cm
0.189 cp
Isopentane
Boiling Point
Liquid Density
Surface Tension
Viscosity of Liquid
(760 ram)
(2o°c)
(20°C)
(20°C)
+28°C
0.621 g/cc
13.72 dynes/cm
0.223 cp
Water
Boiling Point
Liquid Density
Surface Tension
Viscosity of Liquid
(760 ram)
(20°C)
(20°C)
(20°C)
+I00°C
I g/cc
72.75 dynes/cm
1.0050 cp
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II I i i ii
this research has been formulated. This equation, the development of which
is presented in Appendix I, incorporates the inlet gas flow rate and the
dimensionless radius, r. This equation is given below.
z = Zr__o(l-0.0321rl - 1.6391r12 + 0.6731ri 3) (22b)
The term Z represents the height of the surface disturbance above the dead
liquid surface at any position r. Zr= ° is a function of the inlet gas
flow rate, and is represented by the following equation:
Z = 0.0188 ln(Q + i) + O.0014Q (23a)
r-_o
In order to determine the dimensional radius, r', corresponding
to the dimensionless radius r, the following relationship is used:
r' = _ww r (24)
2
The term w/2 is the radius of the surface disturbance formed at a given
flow rate. w/2 is a function of the inlet gas flow rate, and is given
by the equation
w/2 = 0.1296 in(Q+l) - 0.0075Q + 0.O001Q 2 (25)
Figures 30 through 42 give a graphical comparison of the 13
experimental surface profiles, with the results predicted by the correla-
tion equation, equation (22b). The value of Zr= ° was obtained from
equation (23a).
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As shown in Figures 30 through 42, the experimental and analytical
results are in good agreement, with the exception of those disturbances
produced at high gas flow rates. However, it is believed that the differ-
ences in the computed and experimental surface profiles may be attributed
to insufficient data in this region.
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APPENDIXI
Bubble Swarm Surface Disturbances--Development of Correlation Equation
Upon attempting to correlate the experimentally determined surface
profile data, it was observed that when the surface disturbances were
represented by a third degree polynomial of the form Z = A(I+Br+Cr2+Dr3),
as suggested by the theory developed in the single bubble work, that
the corresponding coefficients of the equations were very similar,
with the exception of the intercept A. However, the intercept A in
each equation is the height of the surface disturbance at the center
of the profile, Zr= o. A plot of the experimentally determined values
of Zr=o versus Q shows that Zr=oiS a function of the inlet gas flow rate•
This graph is shown in Figure 43. Utilizing multiple regression tech-
niques to fit the data shown in Figure 43, the following equation was
obtained:
Zr= 0 = 0.01881n (Q + i) + 0.0014Q (23a)
Thus it appears that a correlation equation of the form
Z=Zr= o (i + Br + Cr 2 + Dr 3)
(22a)
could be constructed, where Zr= o would be expressed in terms of equation
(23a). The experimentally determined values of Z/Zr= o and the dimension-
less radius r were fitted to a third degree po!}m-omia! to yield the follow-
ing correlation equation:
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Z = Zr= 0 (i - 0.0321r I - 1.6391ri 2 + 0,623Jri3) (22b)i
Therefore, once Zr= 0 is determined from equation (23a) at a given gas flow
rate, equation (22b) may be used to predict the height of the corresponding
surface disturbance. A plot of equation (22b) may be seen in Figure 44. The
shadedportion of the graph indicates the scatter in the experimental data.
The dimensional radius r' is related to the dimensionless radius
r by the following equations:
! w
r = 2 r (24)
The term w is the radius of the surface profile corresponding to a given
inlet gas flow rate, Q. A plot of the experimentally determined values of
w/2 versus Q as shown in Figure 45 indicated that a relationship
between w/2 and Q could be established. The experimental data shown in Figure
45 were fitted by multiple regression techniques to yield the equation below:
w
= 0.1296 in(Q+l) - 0.0075Q + 0.0001Q 2 . (25)
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APPENDIX II
Bubble Swarm Surface Disturbance--Surface Profile Data
Obtained with the 26 Gauge and 18 Gauge Hypodermic Needles
The bubble swarms studied in this research were initiated by an
inlet configuration of nine hypodermic needles arranged in a square
pattern. At low inlet gas flow rates, 26 gauge needles were utilized
in the inlet configuration, whereas, at higher flow rates, 18 gauge
needles were used. The 26 gauge and 18 gauge needles have diameters
of 0.009 inches and 0.031 inches, respectively• The range of flow
rates studied with the two sets of needles was overlapped so that any
variation in data due to change in needle size might be analyzed.
A tabulation of the average surface profile data for the 26 gauge
and 18 gauge needle systems is presented in Table 3 and Table 4, res-
pectively. In order to clarify the difference between Zm and Z_=o, it
should be pointed out that Zm represents the maximum height of the
surface disturbance, regardless of where it occurs on the profile,
whereas Zk-_-o represents the height of the surface disturbance at the
center of the profile. The maximum height Zm , does not always occur
at the center of the profile, and as a result, its average value is
always greater than Z r=o"
A graphical comparison of the surface profile data from the two
needle systems may be seen in Figur_ 46 through 51. In each of these
plots the data for the two different needle sizes are distinguished
by different symbols. From these plots it may be seen that the surface
profile data corresponding to the different needle sizes, overlaps. Thus
it may be concluded that the surface profile data from this research
was not affected by the use of different size needles•
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Table 3. Experimental Surface Profile Data for 26 Gauge Hypodermic Needles
with the Distilled Water-Nitrogen System.
Inlet Gas Flow
Rate---Standard
Cubic Feet Per
Hour
Average Surface Profile Data, feet
2.01
2.69
4.28
5.80
8.93
12.75
zlm Zr=0 I Zr=0.25 Zr=0.50 [Zr=0"75
0.0292 0.0246 0.0232
0.0297 0.0252 0.0240
0.0403 0.0348 0.0340
0.0460 0.0411 0.0381
0.0646 0.0566 0.0513
0.0819 0.0720 0.0671
Number of Surface
Disturbances Analyzed
to Yield Average
Surface Profile Data
0.0189 0.0108
0.0187 0.0093
0.0231 0.0142
0.0288 0.0172
0.0388 0.0215
0.0495 0.0232
53
42
56
58
47
49
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Table 4. Experimental Surface Profile Data for:18 Gauge Hypodermic Needles
with'theDistilled Water-Nitrogen System,
Inlet Gas
Flow Rate,
Standard
Cubic Feet
Per Hour
4.44
5.70
7.05
11.12
15.24
20.73
27.85
Z
m
Average Surface Profile Data, feet
Zr=O Zr=0.25 Zr=0.50
0.0483 0.0432 0.0381 0.0268 0.0137
0.0532 0.0454 0.0406 0.0295 0.0150
0.0576 0.0493 0.0436 0.0292 0.0154
0.0602 0.0508 0.0481 0.0364 0.0191
0.0873 0.0752 0.0628 0.0403 0.0202
0.0916 0.0784 0.0693 0.0444 0.0186
0.1089 0.0940 0.0847 0.0534 0.0243
'Number of sur-
face Disturban-
ces Analyzed to
Yield Average
Surface Profile
Data
50
53
58
50
48
50
50
- 88 -
APPENDIXIII
Correlation of Single Bubble Terminal Rlse Veloclty
Versus Bubble Diameter for the Water-Nltrogen and Isopentane-Nltrogen Systems
!
I
i
e
The Reynolds Number versus bubble diameter correlations for the
distilled water-nitrogen systen_ and the isopentane-nitrogen system
given in the first annual report have been replotted in Figure 52 as NReH
versus _bubble diameter. A tabulation of the Reynolds number data plotted
in Figure 52 is presented in Table 5. The term M is a dimensionless para-
meter that is defined by the equation below:
M = _ . (26)
Along with the data from this research, the data points of Bryn (2) have
also been replotted in Figure 52, as have the correlation lines of Haber-
man and Norton (3), and Rosenberg (4). It may be seen from Figure 52 that
the data _of Bryn is in-good agreement with the data from this research. How-
ever 0 thedata of Haberman and Norton and of Rosenber_, seem to indicate a
different relationship between NReN and the bubble diameter. There is no
apparent,reason for the difference in this data.
It may be noted in Figure 52 that some scatter is present in the data
obtained from the distilled water-nitrogen system. However, this may be
attributed to an error that was introduced in obtaining r_se velocity data
from motion picture film during the early stages of this research; i.e.,
rise velocity data were taken from that portion of the film recorded before
the camera had - attained its set speed of 200 frames per second. The fact that
:thepoln_s-.sho_ng. scatter-fall below the other data from thls research
verlf ies :_this explanation.
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vTABLE 5. REYNOLDS NUMBER DATA FOR NITROGEN GAS BUBBLES
RISING IN DISTILLED WATER AND ISOPENTANE-
BUBBLE RISE REYNOt.DS LIQUID RUN
DIAN VEL NUMBER NUMBER
FT FT/SEC
.O.O.00.......O.000.*0.0.e..O.0**QOOO*...OO*.OQO_e06*''*O
,0162 1,65 2482,2 WATER 3
,0153 1,17 1662,3 WATER 3
,0149 +94 1300,6 WATER 3
,0143 1,01 1341,2 WATER 3
.0138 .89 1140.5 WATER 3
• 0153 1,05 1491.8 WATER 3
.0134 098 1219.5 WATER 3
,0156 ,92 1332,7 WATER 3
,0138 .96 1230.2 WATER 3
.0138 1,02 1307.1 WATER 3
.0149 ,88 1217,6 WATER 3
.0171 ,90 1429.1 WATER
.0146 .92 1267.3 WATER 3
,0151 ,99 1388,2 WATER .3
,0134 ,95 1182,1 WATER 3
.0146 .94 1274.4 WATER 3
_0141 .98 1283.2 WATER 3
.0146 .91 1233.8 WATER 3
.016_ ,92 1392,5 WATER 3
.0173 1.04 1670.8 WATER 3
.0159 ,92 1358.4 WATER 3
.OIT2 .87 1389.6 WATER 3
.0118 1,02 1117.7 WATER 4
.0114 1,61 1704,4 WATER 4
.0122 1.46 I654.0 WATER 4
,0II9 1,26 1392,4 WATER 4
.0124 1,16 1335,7 WATER 4
.0103 .99 946,9 WATER 6
.0108 1.03 1033.0 WATER 4
.0108 1.06 1063.1 WATER 4
.0102 1,15 1089,3 WATER 4
QO105 1.11 1082.3 WATER 4
.0106 1,02 1004,0 WATER 4
.0105 i.18 1150.6 WATER 4
.0116 1,OT 1152,6 WATER 4
.0101 1.10 1031.7 WATER 4
• 0125 1,23 1427,7 WATER 4
.0073 1.02 691.4 WATER 4
(CONTINUED)
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TABLE 5o (CONTINUED).-
O*'OOOODoeooeoooeooooeoooeoooo@OOOOOO,eOOO*QOODOOOOOOQ**
BUBBLE RISE REYNOLDS LIQUID RUN
DIAM VEL NUMBER NUMBER
FT FT/SEC
.0097 lo10
00131 lo15
00111 lo07
0011!7 lo00
.0106 lo03
.0119 lo10
.0136 lo12
.0138 1.25
.0096 1.08
.0094 1.06
.0100 1.23
.0091 1.05
.0114 1.01
00110 1.13
00107 .96
00100 .91
.0108 .85
00122 062
• 0135 086
•0117 .90
.0101 089
• 0104 086
• 0097 .89
• 0122 078
• 0104 .87
• 0105 083
00100 .91
00126 .65
990.8
1399.0
110209
.1086.5
1013,9
121506
141405
1601.9
962,8
92503
114202
887.3
1069.2
' 1154..3
95309
84500
85205
70204
107801
97708
834.7
83006
801.7
88307
860.2
809.3
8+.5 • 0
760.5
WATER
HATER
HATER
,WATER
WATER
HATER
WATER
WATER
WATER
WATER
WATER
HATER
WATER
WATER
WATER
.WATER
HATER
HATER
WATER
HATER
WATER
WATER
WATER
WATER
WATER
WATER
WATER
WATER
I)l); I-)) '""915++
.0106 .91 895.7
.0120 .87 969.5
.0137 093 ,1183.1
• 0125 098 1137,6
• 0114 093 984,05
.0103 .96 918.2
.0129 .82 982,3
• 0119 .86 950.3
,0116 090 969,5
.0136 .84 1060.8
.0129 .91 1090.1
.0123 087 99307
.0106 ,79 77706
• 0132 .76 931.6
.0104, ,94, 90708
WATER
WATER
WATER
WATER
HATER
WATER
WATER
WATER
WATER
WATER
WATER
WATER
WATER
WATER
WATER
4,
4
4,
4,
4
4
4
4
4
4
4
4
4
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
60ooeooeeeeo*ooeoeooeooeQ,eo*OO,eeo,oooe*_,.,o00000000oe,
(CONTINUED)
- 93 -
gTABLE 5. (CONTINUED)
BUBBLE RISE REYNOLDS LIQUID RUN
DIAM VEL NUMBER NUMBER
FT
"*000
FTtSEC
eoeeeo@.
.0111 1.04 1072.0 WATER 5
.0113 1.00 1049.3 WATER 5
.0112 .81 842.4 WATER 5
.0115 .84 897.0 WATER 5
.0111 .76 783.4 WATER 5
.0118 .87 953.3 WATER 5
.0118 .78 854.7 WATER 5
.0119 .80 884.0 WATER 5
.0114 1.37 1450.3 WATER 5
.0111 1.86 1917.2 WATER 5
.0100 ,91 845.0 WATER 5
.0100 .88 817.2 WATER 5
.0048 1.12 499,2 WATER 11
.OOflO 1.12 520.0 WATER 11
.0047 1.13 493.2 WATER 11
.0051 1.12 530,4 WATER 11
.0051 1,00 473.6 WATER 11
.0054 1.12 561,6 WATER 11
.0053 1.42 698.9 WATER 11
.0045 .96 401.2 WATER 11
.O04fl 1.14 508.1 WATER 11
,0050 ,97 450.4 WATER 11
,0046 1,05 448,5 WATER 11
.0051 1.13 535.2 WATER 11
.0051 .97 459.4 WATER 11
.0055 1.17 597.6 WATER 11
.0047 .97 423.4 WATER 11
.0053 .95 467.6 WATER 11
.005I 1.00 473.6 WATER 11
,0052 1.10 531.2 WATER 11
,0055 1.12 572.0 WATER 11
.0052 1.01 487.7 WATER 11
.0046 ,98 418.6 WATER 11
.0047 1.06 462.6 WATER 11
.0049 1.00 455.0 WATER 11
.0051 ,98 464.1 WATER 11
.0049 .96 436.8 WATER 11
.0050 ,96 445.7 WATER 11
.0046 1.14 487.0 WATER 11
.0052 1.06 511.9 WATER 11
.0051 1.06 502.0 WATER 11
.0050 .97 450.4 WATER 11
.0046 1.08 461.3 WATER 11
.0096 .65 1612.9 ISOPENTANE 18
.0078 ,58 1164.4 ISOPENTANE 18
(CONTINUED}
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TABLE 5, (CONTINUED)
@@eeooeeoooeoeoeeoeoeoe,oeoooeOoeOeeeeeeeeeeeeeeeeeoeeeee
BUBBLE RISE REYNOkDS LIQUID RUN
DIAM VEL NUNBER NUNBER
FT FT/SEC
OeOQQ@,OQOOOeO@.eOOOOOOge,eOQOOQOQO,OOOOQOOOQO,,,,,O,0,,O
.0085 .61
.0087 .62
• 00_4 o60
,009_, ,62
• 0095 .64
• 0085 .62
• 0084 .57
• 0087 .61
o0081 .61
• 0075 .63
.0087 .65
• 008S .65
.0083 .61
o0090 .65
• 0082 .61
.0090 .60
.0100 .67
.0109 ,63
.0091 o68
• 0103 o64
• 0106 .55
"010L5 .69
.0099 .67
• 0105 .65
.0101 .63
• 0088 o60
.0086 o65
.0114 ,63
.0100 .67
.0101 ,64
• 0096 .62
.0091 .66
• 0094 .61
.0102 .6_
.0100 .61
,O1Q4 ,66
• 0088 .64
o0079 .65
.0074 .67
• 0087 .67
• 0090 .66
.0085 .63
,0086 o64
• 0076 ,63
• 0079 .63
1338.0 ISOPENTANE 18 +
1395.2 ISOPENTANE 18
14/+8,3 ISOPENTANE 18
15.52,2 ISOPENTANE 18
1565.7 ISOPENTANE I8
1352.4 ISOPENTANE I8
1231.7 ISOPENTANE 18
1360.0 ISOPENTANE 18
1267.2 ISOPENTANE 18
1227.1 ISOPENTANE 18
1451.2 ISOPENTANE 18
1422.5 ISOPENTANE 18
1319.9 ISOPENTANE 18
1500.8 ISOPENTANE 18
1294.0 ISOPENTANE 18
1387.1 ISOPENTANE 18
1713.6 ISOPENTANE 19
1774.9 ISOPENTANE 19
_606.1 ISOPENTANE 19
1697.0 ISOPENTANE 19
1511.8 I SOPENTANE 19
1856.4 I SOPEN TAN E 19
1702 • 4 I SOPENTANE 19
I774.1 ! SOPENTANE 19
1625.9 ISOPENTANE 19
1366.8 ISOPENTANE 19
1448.9 ISOPENTANE 19
1862.1 ISOPENTANE 19
1729.1 ISOPENTANE 19
1660.1 ISOPENTANE 19
1542.6 ISOPENTANE 19
1555.0 ISOPENTANE 119
1497,3 ISOPENTANE 19
1689.4 ISOPENTANE 19
1591.0 ISOPENTANE 19
1774.0 ISOPENTANE 19
1468.2 ISOPENTANE 19
1322.1 ISOPENTANE 20
1276.7 ISOPENTANE 20
1502.3 ISOPENTANE 20
1546.5 ISOPENTANE 20
1390.8 ISOPENTANE 20
1425.5 ISOPENTANE 20
1235.8 ISOPENTANE 20
1287.0 ISOPENTANE 20
O_.o. .O O O BOO0 oooeooo.eee_e 0.0_ • O0O'OO-- O.O •
{CONTtN,*FD}
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TABLE'5, (CONTINUED)
0.00**000000.0"0-'f'00..00.,.*.'*..00.00*0..0.*_....08...
BUBBLE RISE REYNOLDS LIQUID RUN
DIAM VEL NUMBER NUMBER
FT FT/SEC
• e.eeee.eeeIeeeeeeeeeee.eeeo.eeeeee.eeeeoeee...oeeeeeeee
.0098 .67 1698.7 ISOPENTANE
.0081 .65 1342.7 , ISOPENTANE
.0088 .67 1509.2 ISOPENTANE
.0076 .65 1286.2 ISOPENTANE
.0074 .62 1186.4 ISOPENTANE
.0074 .61 1160.3 ISOPENTANE
.0078 .66 1326.6 ISOPENTANE
.0076 .63 1260.1 ISOPENTANE
.0080 .63 1306,6 ISOPENTANE
.OOT5 .63 1234.2 ISOPENTANE
.0077 .63 1256.1 ISOPENTANE
,0084 .63 1361.4 ISOPENTANE
°0126 ,62 2016.9 ISOPENTANE
.0106 .67 1825.9 ISOPENTANE
.0124 .64 2047,5 ISOPENTANE
.0106 .62 1702.7 ISOPENTANE
.0112 .64 1846.6 ISOPENTANE
.0118 .62 1902.7 ISOPENTANE
.0116 ,64 1914,9 ISOPENTANE
.0108 ,66 1852.9 ISOPENTANE
.0125 ,62 1988,0 ISOPENTANE
.0098 .64 1618.6 ISOPENTANE
.0119 .65 2012,8 ISOPENTANE
,0111 .64 1836.6 ISOPENTANE
,0129 ,62 2080,0 ISOPENTANE
,0121 ,61 1918.1 ISOPENTANE
,0122 ,61 1930,8 ISOPENTANE
.0105 ,64 1735.5 ISOPENTANE
o0104 .63 1685.7 ISOPENTANE
.0107 .59 1644.2 ISOPENTANE
,0119 .64 1961.7 ISOPENTANE
,0106 .63 1727°5 ISOPENTANE
,0112 .66 1930.0 ISOPENTANE
.0109 .66 1852o4 ISOPENTANE
.0105 .61 1644.6 ISOPENTANE
.0112 .64 1847.0 ISOPENTANE
.0119 .61 1873,9 ISOPENTANE
.0119 .66 2015.3 ISOPENTANE
.0107 ,65 1811.9 ISOPENTANE
,0095 ,61 1507,3 ISOPENTANE
,0113 .63 1832.8 ISOPENTANE
.0105 ,62 1673.7 ISOPENTANE
.0111 .63 1812,9 ISOPENTANE
,0103 .63 1690.9 ISOPENTANE
.0102 .63 1658.8 ISOPENTANE
20
2O
20
20
20
2O
20
20
20
2O
20
20
24
24
24
24
24
2/+
24
24
24
24
24
24
24
24
24
24
24
2/+
24
24
2/+
24
24
24
24
24
24
24
24
24
25
25
25
OeOO0*O...O..OOOegO......OOO0....*O0...o. OO0.O.O000....O
(CONTINUED)
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TABLE 5. (CONTINUED)
* OOOeO • • --*O oo OOoOOoooeoeoe. oo O. • .t Q.,eeQOeOOOe*OOeO0 0@* O 0
BUBBLE RISE REYNOLDS LIQUID
DIAN VEL NUMBER
FT FT/SEC
eeoeoeeoooeoQooeeoooeoeeeQeQoee,oQooooooo.o
RUN
NUNBER
OOOOOOOOOOOOOO
.0108 • .63 1740o7
o0116 .66 1971o7
.0104 .64 1730,9"
.0121 .66 2050*4
.0113 .67 1952.0
o0097 .67 1677.9
o0087 .64 1442.7
.0097 o64 1604.5
.0099 .65 1654.8
.0107 o62 1699.7
o0088 .64 1_0.7
.0104 .62 1663.7
.0100 .6# 1647.3
.0103 .67 1780.2
.0089 .67 1535,7
o0093 .65 1561.8
.0092 .63 1506.1
.0101 .65 1694.5
.0104 .65 175#.8
.0095 ,65 1608.5
.0104 .66 1761.1
.0092 .63 1500.3
o0104 .65 1730.7
.0095 .68 1681.4
.0100 .65 1662,9
.0111 .66 1889.9
.0104 .66 1762.8
ISOPENYANE 25
ISOPENTANE 25
ISOPENTANE 25
ISOPENTANE 25
ISOPENTANE 25
ISOPENTANE 25
ISOPENTANE 25
ISOPENTANE 25
ISOPENTANE 25
ISOPENTANE 25
ISOPENTANE 25
ISOPENTANE 25
ISOPENTANE 25
ISOPENTANE 25
ISOPENTANE 25
I SOPENTANE 25
I SOPENYANE 25
I SOPENTANE 25
ISOPENTANE 25
ISOPENTANE 25
ISOPENTANE 25
ISOPENTANE 25
ISOPENTANE 25
ISOPENTANE 25
ISOPENTANE 25
ISOPENTANE 25
ISOPENTANE 25
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As shown by Figure 52, the introduction of the parameter M
establishes a good correlation between the experimental data ob-
tained from the distilled water-nltrogen and isopentane-nltrogen
systems. This is attributed to the fact that the parameter M
incorporates all of the liquid properties affecting the velocity
of rise of a gas bubble in a liquid. This gives rise to the belief
that the parameter M might also be used to correlate surface profile
data from other liquid-gas systems.
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APPENDIX IV
Single Bubble Surface Disturbances--Correlation of Degree
of Penetration Versus Reynolds Number Data for the Distilled Water-
Nitrogen and Isopentane-Nitrogen Systems
In an earlier stage of this research, a correlation equation
was formulated whereby the maximum surface profile above a single
rising gas bubble could be predicted. The equation was reported
in the first annual report and is given below.
Zc= + a aJ1 - r 2 (27)
The term Zcrepresents the height of the surface disturbance above
the dead liquid surface. The term uaJl - r2 is the product of
a - r, the vertical dimensions from the horizontal center line
to the edge of a spherical bubble at a particular value of dimension-
less radial coordinate r, and a , which represents the degree of
penetration of the bubble. The term ZSH is the theoretically com-
puted maximum surface profile--the product of Zs , the time average
height of the disturbed free surface above the quiescent surface,
and H, the upper limit of integration of the equation used to com-
pute Zs- It was shown that after integration Zs can be computed
from the following equation:
Z s = 0091453 + °0043475 - .0122968 _-
• - .006244 r ' (28)
tal a
- I00-
Equation (27) was formulated from experimental data obtained with
a distilled warer-nltrogen system. However, it has also been suc-
cessfully used to correlate experimental data from this research
with the isopentane-nltrogen system. The experimentally determined
values of a versus Reynolds number for the isopentane-nltrogen and
distilled water-nitrogen systems have been replotted in Figure 53
as gM versus Reynolds number. The term M is a dimensionless para-
meter that is defined by the equation below:
4
M-= _ (26)
The term u is a measure of the degree of penetration of the gas
bubble into the surface disturbance. For instance, a value of e =i.0
means that the bubble has penetrated into the surface disturbance to
the extent of the bubble radius. Therefore, _ must be dependent on
surface tension. Thus the parameter M, which contains surface tension
to the third power would be expected to be a necessary part of the
correlation.
Figures 54 through 64 show the experimental surface profiles for
Reynolds numbers of 1519, 1838, 1967, 1971, and 2305, for the iso-
pentane-nitrogen system, and for Reynolds numbers of 484, 514, 565,
803, 1026, and 1119 for the distilled water-nitrogen system, respec-
tively. Plotted on the same figures _th a dashed line are the ana-
lytically predicted surface profiles given by Equation 27. The degree
of penetration, u , used in predicting each of the profiles shown in
Figures 54 through 64 was obtained from the linear correlation
- I01 -
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line of the experimentally determined a/M versus Reynolds number
data shown in Figure 53.
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APPENDIX V
Liquid Entrainment Experimental Apparatus, Procedure for
Collection of Data, and Photographs of Experimental Equipment
Experimental
Apparatus
The apparatus used to measure the maximum height reached by a
column of liquid in a filled U-tube _upon the application of a sudden
pressure differential is shown in Figures 65 and 66.
The test section was constructed using t_co-inch Pyrex glass pipe.
Two-inch steel pipe connected the solenoid valve to the air supply
from the surge tank. A water manometer was tapped into the steel
pipe immediately ahead of the solenoid. To minimize the pressure drop
through the solenoid, a two and one half inch valve was used. A two-
foot section of Pyrex pipe followed the solenoid and was connected to
the valve using a locally constructed steel-pipe flanged adapter. The
adapter was tapped and the pressure fed to a 0-5 psia pressure trans-
ducer. A Pyrex 90 ° elbow followed the two foot section. The horizon-
tal section was a five-foot section of Pyrex pipe and was followed
by another Pyrex 90 ° elbow. The vertical section in which the maximum
heights were measured was a ten-foot section of Pyrex pipe. Care was
taken to insure that all portions of the test section were correctly
aligned and leveled, and that all joints were free of leaks. Steel
tape measures were attached to the vertical Pyrex sections and used
to visually measure maximum heights reached by the liquid column.
Additions to and modification of the experimental apparatus shown
in Figure 65 were necessary to measure entrainment rates of water by
a high velocity airstream. This modified apparatus is shown in Figures
67, 68, 69, 70, end 71.
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Figure 66. Detailed Drawing of Test Section Shown in Figure 65.
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Air was supplied to the system from a 2000 cubic foot storage tank,
and a pressure regulator upstream of the flow meter maintained the supply
pressure constant at the desired level. The volume flow rate of the air
was measured using a Cox Instrument Company flow system consisting of two
turbine type flow meters. Static pressure and stagnation temperature were
measured at the flow meter using a mercury manometer and a copper-constantan
thermocouple, respectively. Air volume flow rates were converted to mass
flow rates using the measured pressure and temperature information.
Two-inch steel pipe carried the air from the flow meter to the
humidifier shown in Figure 69. The humidifier was locally constructed
using a 42 gallon 125 psi steel tank. In order to minimize evaporation
effects, the relative humidity of the air supplied to the test section was
maintained at a value greater than 90 per cent during all runs. The rela-
tive humidity was controlled by adjusting a needle valve supplying high
pressure steam to the humidifier. The exact procedure for controlling the
relative humidity will be discussed in the section on experimental proce-
dures. A specially constructed York Demister was located in the outlet end
of the humidifier to remove any water drops entrained in the air stream
during the humidifying process. A drain was located in the bottom of the
tank to premit the removal of condensed moisture at the end of the day.
The air was carried through two-inch steel pipe from the humidifier
_v = ._ gallon 125 psi surge tank. The surge tank was used as an added
precaution to insure that no surges were imposed on the water in the test
section.
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Solenoid valves A and B (Figure 67) were connected to the surge
tank using two-inch steel pipe. The valve switches were connected
so that valve A was open when B was closed and vice versa. The valves
were mutually connected using a slngle-pole double throw switch to
insure that the closing of one valve was simultaneous with the opening
of the other. When valve A is open and valve B is closed, the air
flows through the throttling valve and is exhausted to the atmosphere.
The throttling valve is used to adjust the volume flow rate of satu-
rated air through the exhaust section. Dry bulb and wet bulb tempera-
tures were measured immediately ahead of this valve. When valve B
is open and valve A is closed, the saturated air is routed to the
test section shown in Figure 68.
The test sections were constructed of Pyrex-glass pipe to permit
visual observation of the entrainment phenomenon. The horizontal
section containing the water consisted of various lengths and dia-
meters of Pyrex pipe in order to determine the effect of test section
geometry on entrainment rates.
Photographs of the test sections are shown in Appendix V. The
test section was filled and drained through connections provided for
this purpose in the pipe flanges. The vertical section following the
water filled horizontal section consisted of two 2-inch by 5-foot
sections of Pyrex pipe and a 2-inch Pyrex U-bend. A flexible hose
was used to carry the air and entrained water to a drain.
Rubber gaskets were initially used at all Pyrex-pipe joints,
however, it was found that when the Joints were tightened, the gaskets
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protruded into the pipe and caused flow discontinuities. The use of
teflon-asbestos gaskets at all Joints reduced this problem to an accep-
table level.
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Procedure
The followlng procedures were used to obtain and measure maximum
heights reached by the water colunm for various step pressures applied
to the colmnn of Figure 66.
The test section was filled by adding water to the open end of
the ten-foot vertical section and all air bubbles were removed from
the water column. During filling, the solenoid was opened and pressure
was bled off through a valve on the surge tank in order that the water
levels in both vertical pipes would equalize. The length of the
water column was determined by adding the readings from the tape
measures to the previously determined length of the horizontal section
and the two elbows.
After filling the test section with water, the solenoid valve
and the bleed valve on the surge tank were closed. The pressure
regulator was then opened until the pressure in the 40 gallon surge
and humidifier tanks and all supply lines reached the desired level
as indicated by the water manometer. The pressure was allowed to
stabilize at the desired reading, and the pressure regulator closed
prior to opening the solenoid and applying the step pressure to the
column.
The maximum heights reached by the water column were measured
visually, making use of the steel tape measure on the ten-foot section
of Pyrex pipe. Readings were easily made due to the momentary stopping
of the water as the maximum height was reached. Several runs were
made at each pressure and the heights measured by different observers
in order to minimize the reading error.
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The following procedures were used in measuring entrainment
from the various test sections. The volume of water required to
completely fill the test section was determined by filling the test
section from a calibrated burette, The test section was considered
completely filled when the water reached the level shown in Figure
68. The volume required to completely fill the horizontal pipe was
divided into fourths, and tests were conducted at 1/4 and 1/2 of this
total amount in order to determine the effect of the water level on
the entrainment rates. Entrainment rates for the different configu-
rations (1/4 or 1/2 filled) were determined using the followlng pro-
cedures.
The desired configuration was selected and the desired amount of
water was added to the test section. After all waves had settled and
the water surface was completely calm, a Welch Scientific Company
cathetometer was carefully adjusted until the horizontal hairline
was exactly level with the surface of the water. Air was then allowed
to flow through the test section in order to deposit water on all
tube walls. The air flow was stopped and all waves allowed to settle,
and an amount of water equal to the amount remaining on the tube
walls was then added to the test section by filling until the water
surface was again level with the horizontal hairline on the cathe-
tomoter. The test section was then ready for an experimental run.
An examination of the air flow variables indicated that the
static pressure measured at the flow meter was the only flow variable
which could readily be maintained constant throughout a run. The
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pressure regulator was thus adjusted to the desired static pressure,
which was maintained throughout a given run. The mlnimumpressure
used was that pressure which would just initiate water removal in the
vertical U-bend. Tests were also run at higher pressures to determine
the effect on entrainment rates.
The humidification of the air was accomplished in the following
manner. With solenoid valve A open and valve B closed, the pressure
regulator was adjusted until the desired pressure was indicated on
the manometer. The throttling valve was then adjusted until the volume
flow rate through the exhaust section was the same as if the flow were
being directed through the test section. This rate was previously
determined during the procedure for wetting the walls of the test
section. Once the given flow rate was obtained, the steam supply to
the humidifier was adjusted until the desired readings were indicated
on the wet and dry bulb thermometers.
When the desired relative humidity was obtained, the pressure
regulator was momentarily shut off, stopping the air flow, and solenoid
valve A was closed and B was opened. The pressure regulator was then
opened and the pressure gradually adjusted to the desired level, allow-
ing the saturated air to go through the test section. The effect of
impacting the airstream on the water was studied by using the same
general procedures except that the solenoid valves were switched (B
opened and A closed) without shutting off the airflow at the pressure
regulator.
- 129 -
After the test had been conducted for the desired time, as
indicated by a stopwatch, the solenoid valves were switched directing
the airflow through the exhaust section. All Waves in the t@st section
were allowed to settle and the tube was refilled to the original level
using the horizontal hairline on the cathetometer as a reference. The
amount of water required to refill the tube was measured using a cali-
brated burette. This procedure was then repeated at different time
intervals to determine the liquid entrainment as a function of time.
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APPENDIXVI
Tabulated Liquid Entrainment Data
Table 6. ExPerimental and Analytical hmax for the Test :Section of: Figure 2.
Length of Water
Column--Feet
8.47
8.47
8.47
8.47
8.47
8.47
8.47
8.47
8.47
9.01
9.01
9.01
9.01
9.01
9.01
9.01
9.01
9.01
9.82
9.82
9.82
9.82
9.82
9.82
9,82
9.82
9.82
9.82
Pressure Differential
Applied to Columm
Pounds Per Square Foot
17.68
35.36
53.04
70.73
88.41
106.09
123.77
141.46
159.14
17.68
35.36
53.04
70.73
88.41
106.09
123.77
141.46
159.14
Maximum Height
hmax.-Feet
ExPerimental
.260
.541
.798
1.055
1.320
1.610
1.918
2.280
2.640
.271
.535
.791
1.056
1.320
1.582
1.860
2.165
2.510
17.68
35.36
53.04
70.73
88.41
106.09
123,77
141.46
159.14
176.82
.276
.541
.801
1.061
1.331
1.593
1.840
2.105
2.372
2.680
From Eqn.
18
.282526
.565052
.847579
1.130105
1.412632
1.695158
1.977685
2.260211
2.542737
.282500
.565000
.847501
1.130001
1.412501
1.695002
1.977502
2.260002
2.542503
.282461
.564923
.847385
1.129847
1.412309
1.694771
1.977233
2.259695
2.542157
2.824619
(Continued)
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Table 6 (Continued)
Length of Water
Column-Feet
10.52
10.52
10.52
10.52
10.52
10.52
10.52
10.52
10.52
10.52
Pounds Per
Pressure Differential
Applied to Column
Square Foot
17.68
35.36
53.04
70.73
88.41
106.09
123.77
141.46
159.14
176.82
Maximum Height
hmax -Fee t
Experimental
.266
.536
.797
1.062
1.322
1.589
1.840
2.090
2.345
2.575
From Eqn.
18
.282430
.564860
.847290
1.129721
1.412151
1.694581
1.977011
2.259442
2.541872
2.824302
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Table 7.
Water Entrainment Versus Time for Configuration Shown in Figure 3 ( 1/4
filled, 5_foot _Horizontal Pipe) for Various UpStreem'Static Pressures
Applied as a Gradual Increase.
Minutes
P
i
0
5
0
I0
0
20
0
30
0
40
0
50
0
60
0
3
0.
5
0
I0
0
20
0
2
0
3
0
5
0
i0
i o
20
Upstream Static
Pressure-Inches
Mercury
3.2
3.2
3.2
3.2
3.2
3.2
3.2
Average Mass
Flow Rate of
Dry Air
Pounds Mass
Per Minute
6.4
6.4
6.4
6.88
6.85
6.89
6.97
6.89
6.71
6.70
9.41
9.44
9.63
Entrainment
Fraction of
Entrapped
Liquid
Removed
.09
.15
.18
.22
.25
.21
.22
.42
.57
.60
6.4
12.8
12.8
12.8
12.8
12.8
9.34
14.06
13.88
13.99
14.22
14.31
.63
.83
.83
.84
.87
.90
Table 7 (Continued)
Time
Minutes
0
5
0
i0
Upstream Static
Pressure-Inches
Mercury
19.2
19.2
30.0
30.0
Average Mass
Flow Rate of
Dry Air
Pounds Mass
Per Minute
19.26
19.32
25.67
25.51
Entrainment
Fraction of
Entrapped
Liquid
Removed
.99
.997
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Table 8. Wa=eg Entrainment Versus Time for Configuration Shown inFigure 3 _(![4
filled, 5-foot Horizontal Pipe) for Various Upstremm Static Pressures
Applied as an impact.
Time
Minutes
0
5
0
lO
0
20
0
30
0
3
0
5
0
i0
0
2
0
5
0
i0
0
2O
0
2
0
5
0
i0
Upstream Static
Pressure-Inches
Mercury
3.2
3.2
3.2
3.2
6.4
6.4
6.4
12.8
12.8
12.8
12.8
19.2
19.2
19.2
Average Mass
Flow Rate of
Dry Air
Pounds Mass
Per Minute
6.81
6.81
6.75
6.76
9.61
9.58
9.61
14.34
14.26
14.26
14.18
19.61
19.37
19138
Entrainment
Fraction of
Entrapped
Liquid
Removed
.14
.16
.19
.21
.53
.57
.60
.88
.90
.93
.92
.95
.97
.97
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Table 9. Water Entrainment Versus Time for: the Configuration Shown in Figure 3 (1./.2
filled, 5-foot Horizontal Pipe) for Various Upstream Static Pressures
Applied as a Gradual Increase.
Time
Minutes
0
5
0
i0
0
2O
0
3O
0
40
0
5O
0
60
0
5
0
i0
0
20
0
30
0
40
0
3
0
5
0
i0
Upstream Static
Pressure-Inches
Mercury
1.4
1.4
1.4
1.4
1.4
1.4
1.4
2.8
2.8
2.8
2.8
2.8
5.6
5.6
5.6
Average Mass
Flow Rate of
Dry Air
Pounds Mass
Per Minute
3.44
3.42
3.65
3.77
3.64
3.67
3.66
5.53
5.62
5.41
5.74
5.72
8.60
8.42
8.32
Entrainment
Fraction of
Entrapped
Liquid
Removed
.ii
.17
.23
.27
.29
.29
.32
.46
.48
.51
.54
.53
.69
.72
.73
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Table 9 (Continued)
Time
Minutes
0
2
0
5
0
I0
0
5
0
I0
0
5
0
l0
0
i 5
', 0
i0
Upstream Static
Pressure-lnches
Mercury
8.4
8.4
8.4
12.8
12.8
20.0
20.0
30.0
30.0
60.0
Average Mass
Flow Rate of
Dry Air
Pounds Mass
Per Minute
10.77
10.67
10.79
13.87
14.08
18.41
18.99
27.77
27.82
Entrainment
Fraction of
Entrapped
Liquid
Removed
.82
.86
.86
.999
.999
46.97 .999
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Table 10. Water Entrainment VersusTime for :Configuration Shown in Figure 3 (![2
filled, 5-foot Horizontal Pipe) for Various Upstream Static Pressures
Applie_'as a Sudden Impact. , " " ....
I
I Time
Minutes
l
t
0
5
0
i0
0
2O
0
5
i o
10! o
i 20
!
!
0
2
0
5
0
i0
0
15
0
2
0
5
0
I0
Upstream Static
Pressure -Inches
Mercury
1.4
1.4
1.4
2.8
2.8
2,8
5.6
5.6
5.6
5.6
8.4
8.4
8.4
Average Mass
Flow Rate of
Dry Air
Pounds Mass
Per Minute
3.62
3.50
3.42
5.69
5.66
5.59
8.37
8.40
8.38
8.42
i0.83
Ii. 02
ii. 02
Entrainment
Fraction of
Entrapped
Liquid
Removed
.14
.19
.23
.47
.50
.53
.71
.75
.76
.77
.86
.86
.86
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Table II. Water Entrainment Versus Time for Configuration Shown in Figure 3 (1/4
_filled, 2-foot Horizontal Pipe) for VarioUs _Upstrea_ Stati_ Pressures
Applied as a Gradual Increase.
Time
Minutes
0
5
0
20
0
5
0
20
0
5
0
20
0
2
0
5
Upstream Static
Pressure-Inches
Mercury
12.8
12.8
19.2
19.2
Average Mass Flow Rate
of Dry Air--Pounds
Mass Per Minute
6.70
6.68
9.62
9.58
14.14
14.06
17.80
18.00
Entrainment
Fraction of
IEntrapped Liquid
Removed
.75
.77
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Table 12.
Water Entrainment Versus Time for the Configuration of Figure 3 (1/2 filled,
2-Foot HOrizontal _Pipe) for Various Upst,re_m rStatle-,_ressur_s- A_p]_ied as
Gradua1_ncreas e.
r
Time
Minutes
0
5
0
20
0
5
0
20
0
5
0
2O
0
5
0
i0
Upstream Static Average Mass Flow
Rate of Dry
Mr-PoundsMass
Per Minute
3.84
4.04
6.24
6.24
9.04
9.14
Pressure -Inches
Mercury
ii. 46
ii. 24
Entrainment
Fraction of
Entrapped
Liquid
Removed
.68
.72
.79
.80
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Table 13: Water Entrainment Versus Time for the Configuration Shown
in Figure 3 (3/4 filled, 5-foot Horizontal Pipe) for Various
Upstream Static Pressures Applied as an Impact.
Time
Minutes
0
2
0
5
0
i0
0
20
0
30
0
2
0
5
0
i0
0
20
0
30
0
2
0
5
0
!0
0
20
0
30
Upstream Static
Pressure-Inches
Mercury
2.0
2.0
2.0
2.0
2.0
2.8
2.8
2.8
2.8
2.8
5.6
5.6
5.6
5.6
5.6
Average Mass Flow
Rate of Dry Air
Pounds
Mass Per Minute
4.95
5.17
5.31
5.26
5.22
6.21
6.33
6.34
6.32
6.24
9.42
9.48
9.56
9.42
9.31
Entrainment
Fraction of
Entrapped
Liquid
Removed
.48
.55
.58
.60
.61
.61
.65
.66
.69
.69
.81
.83
.85
•86
.86
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Table 13 (Continued)
Time
Minutes
0
2
0
5
0
i0
Upstream Static
Pressure-lnches
Mercury
8.4
8.4
8.4
Average Mass
Flow Rate of
Dry A/r-Pounds
Mass Per Minute
11.82
ii.88
11.74
Entrainment
Fraction of
Entrapped
Liquid
Removed
.91
.92
.92
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Table 14. Water Entrainment Versus Time for the Geometry Shown
in Figure 4 (1/4 filled, 5-foot Horizontal Pipe) for
Various Upstream Static Pressures Applied as a Gradual
Increase.
Time
Minutes
5
0
i0
0
20
0
5
0
i0
0
5
0
I0
0
5
0
10
0
5
Upstream Static
Pressure-Inches
Mercury
3.2
3.2
3.2
Average Mass
Flow Rate of
Dry Air-Pounds
Mass Per Minute
6.75
6.80
6.78
9.45
9.42
12.8
12.8
19.2
19.2
30.0
13.60
13.03
17.48
17.43
25.58
Entrainment
Fraction of
Entrapped
Liquid
Removed
.41
.52
.54
.84
.86
.999
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Table 15. Water Entrainment Versus Time for the Configuration
Shown in Figure 4 (1/2 filled, 5-foot Horizontal Pipe)
for Various Upstream Static Pressures Applied as a
Gradual Increase.
Time
Minutes
0
5
0
i0
0
20
0
30
0
5
0
i0
0
20
0
5
0
i0
0
5
0
i0
0
5
0
I0
Upstream Static
Pressure-Inches
Mercury
1.4
1.4
1.4
1.4
2.8
2.8
2.8
19.2
19.2
30.0
Average Mass
Flow Rate of
Dry Air-Pounds
Mass Per Minute
3.06
3.35
3.48
3.52
5.77
5.84
5.78
8.92
8.92
i0.80
i0.80
17.69
17.87
25.58
Entrainment
Fraction of
Entrapped
Liquid
Removed
.21
.39
.50
.54
.66
.73
.74
.999
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Table 16. Water Entrainment Versus Time for the Configuration
Shown in Figure 4 (1/4 filled, 2-foot Horizontal Pipe)
for Various Upstream Static Pressures Applied as a
Gradual Increase.
Time
Minutes
0
5
0
i0
0
20
0
30
0
5
0
i0
0
20
0
5
0
i0
Upstream Static
Pressure-Inches
Mercury
3.2
3.2
3.2
3.2
6.4
6.4
6.4
12.8
12.8
Average Mass
Flow Rate of
Dry Air-Pounds
Mass Per Minute
6.92
6.92
6.96
6.92
9.86
9.72
9.76
14.52
14.51
Entrainment
Fraction of
Entrapped
Liquid
Removed
.4O
.47
.51
.54
.75
.78
.82
.96
.97
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Table 17. Water Entrainment Versus Time for the Configuration
Shownin Figure 4 (1/2 filled, 2-foot Horizontal Pipe)
for Various Upstream Static Pressures Applied as a
Gradual Increase.
Minutes
0
5
0
i0
0
20
0
30
0
5
0
i0
0
2O
0
5
0
i0
0
5
0
i0
Upstream Static
Pressure-Inches
Mercury
1.4
1.4
1.4
1.4
2.8
2.8
2.8
Average Mass
Flow Rate of
Dry Air-Pounds
Mass Per Minute
3.34
3.50
3.60
3.75
6.18
6.25
6.26
8.92
9.06
11.06
ii. 10
Entrainment
Fraction of
Entrapped
Liquid
Removed
.31
.44
.54
.59
.68
.71
.72
.83
.85
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Table 18. Water Entrainment Versus Time for the Configuration of
Figure 4 (1/4 filled, 2-foot Horizontal Pipe; one-foot
length of Horizontal, 2-inch Pipe Added to-zone i of
Figure 13) for Various UpstreamStatic Pressures Applied
as a Gradual Increase.
Time
Minutes
0
5
0
I0
0
20
Upstream Static
Pressure-lnches
Mercury
6.4
6.4
6.4
12.8
Average Mass
Flow Rate of
Dry Air-Pounds
Mass per Minute
9.67
9.70
9.64
14.18
Entrainment
Fraction of
Entrapped
Liquid
Removed
.61
.67
•70
.90
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Table 19. Water Entrainment Versus Time for the Configuration of
Figure 4 (1/2 filled, 2-foot Horizontal Pipe; one-foot
length of Horizontal, 2-inch Pipe Added to zone 1 of
Figure 13) for Various Upstream Static Pressures Applied
as a Gradual Increase.
Time
Minutes
0
5
0
i0
0
20
Upstream Static
Pressure-Inches
Mercury
2.8
2.8
2.8
8.4
Average Mass
Flow Rate of
Dry Air-Pounds
Mass Per Minute
6.04
6.02
6.16
10.98
Entrainment
Fraction of
Entrapped
Liquid
Removed
.66
.68
.71
.92
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Table 20. Water Entrainment Versus Time for the configuration
Shownin Figure 2 (1/4 filled, 5-foot Horizontal Pipe)
for Various Upstream Static Pressures Applied as a
Gradual Increase.
Time
Minutes
0
i0
0
i0
0
20
0
20
Upstream Static
Pressure-Inches
Mercury
Average Mass
Flow Rate of
Dry Air-Pounds
Mass Per Minute
3.43
3.50
3.60
3.56
3.47
3.49
Entrainment
Fraction ofl
Entrapped
Liquid
Removed
1.00
i. 00
Method
of
Pressure
Applicatiom
Slow
Impact
Slow
Impact
Slow
Impact
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Table 21. Water Entrainment Versus Time for the Configuration
shown in Figure 2 (1/2 filled, 5-foot Horizontal Pipe)
for Various Upstream Static Pressures Applied as a
Gradual Increase.
Time
Minutes
0
5
0
5
0
I0
0
i0
0
i0
Upstream Static
Pressure-Inches
Mercury
1.8
1.8
1.8
1.8
1.8
Average Mass
Flow Rate of
Dry Air-Pounds
Mass Per Minute
3.36
3.38
3.44
3.40
3.45
Entrainment
Fraction of
Entrapped
Liquid
Removed
.94
.94
.98
.95
.99
Method
of
Pressure
Application
Slow
Impact
Slow
Impact
Slow
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Appendix Vll
Experimental Accuracy of Liquid Entrainment Studies
Experimental Accuracy
Precautions were taken to minimize the introduction of experimental
error. A large solenoid valve was used for the maximum height study in
order to minimize the pressure drop due to flow through the valve. The
air volume immediately following the solenoid was kept small so that the
volume of the system after opening of the solenoid was essentially the
same as the volume prior to opening of the valve. A water manometer was
used to obtain the desired accuracy in measuring the pressure applied to
the column. The only appreciable error was due to visually measuring the
maximum height reached by the water column. Several tests were run at
each pressure and two observers measured the heights reached. An average
of several readings was used as the maximum height. It is estimated that the
heights were read to plus or minus .0625 inch through use of the steel tape.
During the measurement of entrainment, errors were introduced into
the data due to inaccuracy of the volume measurements made using the cali-
brated burette and the inability to refill the test section to exactly the
desired level following a test run.
The burette, with a capacity of 7 liters, was calibrated using a gradu-
ated cylinder and a liter flask. Following the calibration, a liter flask
could be filled to within plus or minus 5 cubic centimeters of the full
level by referring to readings on the burette. The error intorduced using
the burette is no greater than plus or minus one half of one percent of the
water volume required for refilling of the test section.
It was impossible, even with the magnification provided by the
cathetometer, to refill the test section to exactly the same level following
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successive runs. This was due to inconsistencies in the meniscus at the
water glass interface. This error was largest for short runs with a low
supply pressure since only small amounts of water were required to refill
the test section following such runs. The upper level of this error is
estimated at i0 per cent, with a diminishing effect for long runs at high
supply pressures.
It was also determined that the cleanliness of the pipe walls had an
effect on the entrainment rates. Following several days of tests, a mineral
film, resulting from the use of tap water as the test liquid, could be seen
on the pipe walls. The walls were cleaned when the test section was dis-
assembled to replace the rubber gaskets, and runs following the pipe cleaning
showed that entrainment rates were higher than before the cleaning. At
this time no attempt has been made to determine the magnitude of this effect
on the entrainment rate. All data were obtained with some trace of mineral
deposits on the pipe walls.
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Appendix VIII
Literature Survey in the Area of Liquid Entrainment
Literature Survey
A literature search was made to obtain the reported research in the
area of liquid entrainment by gas streams moving through a confined liquid
or over the surface of a confined liquid. Primary attention was placed
upon locating papers related to physical entrainment; secondary attention
was given to locating those concerned with the evaporation of liquids into
moving gas streams. The search included the following sources of information:
i. Engineering Index
2. Chemical Abstracts
3. Applied Mechanics Reviews
4. Dissertation Abstracts
5. Science Abstracts
It should be emphasized that this is a working bibliography, and new
articles may be added as they appear or as the research proceeds and new
emphasis occurs.
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